Invasive streptococcal disease (ISD) and toxic shock syndrome (STSS) result in over 160,000 deaths each year. We modelled these in HLA-transgenic mice infected with a clinically lethal isolate expressing Streptococcal pyrogenic exotoxin (Spe) C and demonstrate that both SpeC and streptococcal M protein, acting cooperatively, are required for disease. Vaccination with a conserved M protein peptide, J8, protects against STSS by causing a dramatic reduction in bacterial burden associated with the absence of SpeC and inflammatory cytokines in the blood. Furthermore, passive immunotherapy with antibodies to J8 quickly resolves established disease by clearing the infection and ablating the inflammatory activity of the M protein, which is further enhanced by addition of SpeC antibodies. Analysis of 77 recent isolates of Streptococcus pyogenes causing ISD, demonstrated that anti-J8 antibodies theoretically recognize at least 73, providing strong support for using antibodies to J8, with or without antibodies to SpeC, as a therapeutic approach.
INTRODUCTION
Seemingly mild streptococcal infections can rapidly escalate to serious invasive infections with a high mortality rate. The overall incidence for invasive group A streptococcal disease (ISD) was reported to vary between 2 and 4 per 100,000 people in developed countries. Most of these data were garnered from multiple surveys conducted between 1996 and 2007 (1) . However, more recent data point to an alarming increase in rates (2) (3) (4) . In Alberta, Canada, for example, the rate has steadily risen from 4.2 per 100,000 in 2003 to 10.2 per 100,000 in 2017 (4) . In developing countries, very high rates are reported among the young and the elderly (up to 75 per 100,000) (1). The true current global incidence rates are unknown, but available data point to the true rates being substantially higher than many recently reported.
In approximately 20% of cases, ISD is accompanied by a streptococcal toxic shock syndrome (STSS) with multiorgan failure and case fatality rates approaching 50% even in the best-equipped facilities (5) . It can occur after any streptococcal infection but most commonly occurs after infections of the skin and is usually associated with necrotizing fasciitis, myositis, or deep bruising. Pregnancy and the puerperium are periods of excessive risk, especially in developing countries (6) .
Streptococcal "superantigens" (SAgs) are thought to play the key role in the pathogenesis of STSS (7) . Eight of the 13 streptococcal SAg genes are located within bacteriophages (8) . The phage-encoded streptococcal pyrogenic exotoxin A (SpeA) and SpeC are commonly found in STSS. In a Swedish study of 297 invasive isolates (of varying emm types), 73% were shown to carry spec, with spea being almost entirely restricted to emm1 isolates (9) . SAgs have profound immunological potency that is derived from their binding to human major histocompatibility complex [human leukocyte antigen (HLA)] class II molecules (outside the peptide binding groove) and conserved regions of the T cell receptor chains, resulting in polyclonal T cell activation often with >25% of CD4 + T cells being activated. The resulting T helper 1 (T H 1) cytokine storm is the proposed causal link responsible for the hypotension and multiorgan failure that define STSS. This has led to toxoids of SAgs being proposed as vaccine candidates (10) . However, the pathogenesis of STSS is not fully understood. Other streptococcal virulence factors, including Streptolysin O (SLO), peptidoglycan, lipoteichoic acid, and the M protein (11) (12) (13) , have been shown to be potent inducers of inflammatory cytokines in vitro, and these or other factors may play important roles in STSS and may be key to the development of successful vaccines and immunotherapies.
"J8" is a vaccine candidate based on the C-3 repeat region of the M protein. J8 vaccination can protect mice from skin, mucosal, and intraperitoneal streptococcal infection via antibody-mediated neutrophil opsonophagocytosis (14, 15) and is effective against organisms bearing J8 or the closely related allelic sequence, J8.1 (14, (16) (17) (18) . When conjugated to diphtheria toxoid (DT), J8 is immunogenic in nonhuman primates (19) and in humans (20) and is currently undergoing further clinical trials to study immunogenicity and efficacy.
In this study, we used HLA DR3 DQ2-transgenic B6 mice to model STSS. We asked whether vaccination with J8 could prevent STSS-like disease and whether passive immunotherapy with J8-and SpeC-specific antibodies could treat established STSS. Our data demonstrate critical roles for both the M protein and SpeC in pathogenesis. We further show that vaccination can prevent disease and that passive immunotherapy can rapidly ablate the potent mitogenic and inflammatory activity of Streptococcus pyogenes, negate the clinical signs of disease, and clear the infection caused by an organism isolated from a patient who succumbed to ISD and STSS.
RESULTS

HLA-transgenic mice are a suitable model for studying STSS
SN1 is an emm89 strain of S. pyogenes isolated in 2013 from the blood of a patient in Brisbane, Australia, who succumbed to ISD and STSS. At the time, there was a cluster of four patients who experienced ISD due to emm89 S. pyogenes. Genomic analysis revealed that of 10 streptococcal SAg genes examined, SN1 expressed the phage-encoded spec gene and the chromosomally encoded smez and speg genes ( fig.  S1 ). The organism was negative for spea. Organisms from the other three patients had the same SAg profile. A group C streptococcal (GCS) organism, NS33 (isolated from a patient with a foot ulcer), did not contain any SAg genes and was used as a control for the experiments described below.
BALB/c mice were infected via the skin with SN1 or NS33. They developed a skin infection but only a very limited systemic infection (Fig. 1, A and B) . However, blood samples collected from mice infected via the skin with SN1 were positive for SpeC as determined by Western blot, whereas mice infected with NS33 were not ( Fig. 1, C to F) . Sterile-filtered sera from mice infected with SN1, or recombinant SpeC (rSpeC), were added to B6 or HLA-transgenic B6 splenocyte cultures and caused significant proliferation of the HLA-transgenic spleen cells (but not the B6 cells) (Fig. 2A) . Proliferation caused by SN1 serum was largely, but not completely, blocked by rSpeC antiserum, indicating that another molecule(s) present in SN1 serum, apart from SpeC, exerted some mitogenic activity ( Fig. 2A) . The proliferative responses were mirrored by the production of tumor necrosis factor (TNF) and interferon- (IFN-)-key cytokines implicated in STSS pathogenesis (Fig. 2 , B and C). Serum from NS33-infected mice induced neither proliferation nor cytokine responses from splenocytes from either HLA-B6 or B6 mice. A significant mitogenic response was observed when serum from SN1 skin-infected BALB/c mice, but not serum from NS33-infected mice, was added to human peripheral blood mononuclear cells (PBMCs) (Fig. 2, D to F) .
We then assessed the clinical outcome of SN1 infection in HLAtransgenic B6 mice. HLA-B6 and B6 mice were infected intraperitoneally with 10 6 SN1. HLA-B6 mice developed systemic infection with splenic and blood bacterial burden of 2 × 10 3 and 4 × 10 4 colony-forming units (CFU)/ml, respectively. In comparison, the bacterial burden in B6 mice was substantially lower (10 and 12 CFU/ml in blood and spleen, respectively). SpeC was detected in sera from both mice, but TNF, IFN-, and interleukin-2 (IL-2) were detected only in the serum of HLA-B6 Virulence of human isolates in murine skin infection model. Cohorts of BALB/c mice (n = 5 per group) were infected with SN1 or NS33 strain via the skin route of infection. After day 3, 6, or 9 of challenge, the mice were culled and skin biopsy (A) and spleen (B) samples were harvested, processed, and plated to determine the bacterial burden. The results are shown as box and whisker plot, where the line in the box indicates the median, the box extremities indicate the upper and lower quartiles, and the whiskers show the minimum to maximum values. Statistical analysis was performed using nonparametric, unpaired Mann-Whitney U test to compare the two groups at each time point. **P < 0.01 and ***P < 0.001. (C and D) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot profile of SpeC in serum samples collected at various time points after infection. Serum samples from SN1-or NS33-infected mice were collected on days 3, 6, and 9 after infection and run on 4 to 12% SDS-PAGE gels (C). Following protein transfer from the gel, the membrane was probed with rabbit anti-SpeC immunoglobulin G (IgG) primary antibody, followed by detection with sheep anti-rabbit IgG-AP (alkaline phosphatase), and developed using SIGMAFAST BCIP/NBT (bromochloroindolyl phosphatenitro blue tetrazolium) substrate. rSpeC protein was also run as a positive control. Detection of SpeC is shown (D). MW, molecular weight. (E and F) SpeC detection in individual mouse serum samples from the day 6 collection. Serum samples from each individual mouse on day 6 following SN1/NS33 infection were also assessed for the presence of SpeC as described. A representative image of SDS-PAGE (E) and Western blot (F) is shown. The symbol "#" indicates the mice that had positive spleen culture.
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mice. SpeC and the cytokines were evident by 24 hours after infection (Fig. 3, A to D) . Similarly, we observed that skin infection also caused STSS-like pathology in HLA-B6 mice. At day 6 after skin infection with 10 6 CFU of SN1, mice demonstrated bacteremia and high bacterial burden in the skin, which was >3 logs higher in the HLA-B6 mice in comparison to B6 mice (Fig. 3, E and F) . SpeC was detected in sera from both HLA-B6 and B6 mice (Fig. 3G ), but again, inflammatory cytokines were only detected in the blood of HLA-B6 mice (Fig. 3, H to J) . The levels were lower than observed following intraperitoneal infection (e.g., TNF was 1110 pg/ml following intraperitoneal infection and 175 pg/ml following skin infection; IFN- was 2184 pg/ml versus 1615 pg/ml). Serum from NS33-infected mice did not contain SpeC.
J8 vaccination prevents STSS
HLA-B6 mice were vaccinated (three times, intramuscularly) with J8-DT/alum or phosphate-buffered saline (PBS)/alum as a control.
Two weeks after vaccination, mice were challenged via the skin with SN1 and we observed a 1000-to 1,000,000-fold reduction in bacterial burden in skin, blood, and spleen (P < 0.05, P < 0.001, and P < 0.01, respectively) (Fig. 4A) . SpeC was evident in the serum of control mice but not in vaccinated mice (Fig. 4B) . IFN- and TNF (T H 1 cytokines) were detected in the sera of control mice but were absent in the sera of vaccinated mice, whereas IL-4 and IL-10 (T H 2 cytokines) were found in the sera of vaccinated mice (Fig. 4, C and D) .
Sera from J8-vaccinated/SN1-challenged and control (PBS-vaccinated/ SN1-challenged) mice were added to cultures of human PBMCs from healthy individuals. Serum from control mice caused robust proliferation of PBMCs from all individuals (and this was reduced by 80 to 90% by addition of rSpeC antiserum) (Fig. 4 , E to G), whereas serum from J8-vaccinated/challenged mice caused significantly less proliferation (up to 95% reduction) and this was further reduced to background levels (stimulation index, ~1; P < 0.05 to 0.01) One-way analysis of variance (ANOVA) with Tukey's post hoc method was used to calculate significance between various groups. *P < 0.05, **P < 0.01, and ***P < 0.001.
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4 of 11 samples were collected at 24 hours after infection and analyzed to detect the toxin. The samples were run on 4 to 12% SDS-PAGE gel. Following protein transfer from the gel, the membrane was probed with rabbit anti-SpeC IgG primary antibody, followed by detection with sheep anti-rabbit IgG-AP, and developed using SIGMAFAST BCIP/NBT substrate. rSpeC protein was also run as a positive control. (B to D) Serum cytokine profile of HLA-B6 and B6 mice following intraperitoneal infection with SN1. The mice infected with SN1 were culled at 24 hours after infection. Blood cytokine levels were measured from the cohort that received 10 6 SN1 using a CBA kit. TNF, IFN-, and IL-2 responses are shown. Statistical analysis was performed using nonparametric, unpaired Mann-Whitney U test to compare the two cohorts. ***P < 0.001. (E and F) Bacterial burden in HLA-B6 mice after skin infection with SN1. Naïve HLA-B6 and B6 mice (n = 10 per group) were infected with SN1 or NS33 via skin. On day 6 after infection, mice were culled and skin bacterial burdens were assessed (E). Mann-Whitney U test used to compare the two cohorts. ***P < 0.001. The presence of systemic infection was assessed by plating blood samples at days 3 to 6 after infection (F). The results are shown as box and whisker plot, where the line in the box indicates the median, the box extremities indicate the upper and lower quartiles, and the whiskers show the minimum to maximum values. (G) Western blot analysis of serum from SN1-or NS33-infected mice. Serum samples collected from SN1-or NS33-infected HLA-B6 and B6 mice were analyzed to detect the presence of SpeC in their serum. The samples were run on 4 to 12% SDS-PAGE gel. Following protein transfer from the gel, the membrane was probed with rabbit anti-SpeC IgG primary antibody, followed by detection with sheep anti-rabbit IgG-AP, and developed using SIGMAFAST BCIP/NBT substrate. The band at 26 kDa in the serum sample from SN1-infected mice corresponds to rSpeC in the positive control sample. (H to J) Cytokine responses in the serum of HLA-B6 and B6 mice following skin infection. Cytokine responses in the serum of HLA-B6 and B6 mice were measured at day 6 after infection with SN1 or NS33. Concentrations of TNF (H), IFN- (I), and IL-2 (J) were measured using a CBA kit. One-way ANOVA with Tukey's post hoc method was used to calculate significance between various groups. ***P < 0.001.
by addition of rSpeC antiserum (Fig. 4 , E to G). Thus, there were very low levels of residual SpeC present in the serum of vaccinated/ challenged mice responsible for the minimal proliferation of lymphocytes, although SpeC was not evident from inspection of the Western blot (Fig. 4B ). Induction of inflammatory cytokines (IFN-, TNF, IL-2, IL-6, and IL-17) by human PBMCs stimulated with serum from J8-DT-vaccinated/challenged mice was almost nonexistent, whereas the cytokines were abundantly produced by addition of sera from control mice ( fig. S2 ). J8 vaccination could thus prevent all of the inflammatory cytokine responses observed in vivo (Fig. 4D ) and in vitro ( fig. S2 ). The vaccine effect was likely due in large part to the observed reduction in bacterial load ( Fig. 4A ) with reduced production of mitogenic/inflammatory factors.
Immunotherapy for STSS HLA-B6 mice were infected intraperitoneally with 10 6 SN1 and developed bacteremia and became ill within 18 hours (Fig. 5, A to C) . Clinical scoring throughout this experiment was performed with the observer blinded to the groups. We asked whether these mice could be rescued by passive immunotherapy. Eighteen hours after infection, they were given 200 l of J8 antisera, 200 l of rSpeC antisera, 100 l of each antiserum, or 200 l of naïve serum intravenously (Fig. 5A ). All mice that received J8 and/or rSpeC antisera recovered within 24 hours with significant reduction in clinical scores (P < 0.01 to P < 0.001; Fig. 5B) ; however, it was only in those mice that received J8 antiserum (either alone or in combination with rSpeC antiserum) that we observed bacterial clearance from blood HLA-B6 mice were vaccinated with 30 g of J8-DT/alum or PBS/alum on days 0, 21, and 28. Two weeks after immunization, mice were infected with SN1 via the skin. On day 6 after infection, mice were culled and bacterial burden in skin (CFU/lesion), blood (CFU/ml), and spleen (CFU/spleen) is shown. Statistical analysis was performed using nonparametric, unpaired Mann-Whitney U test to compare the two cohorts. *P < 0.05, **P < 0.01, and ***P < 0.001. (B) Western blot analysis to detect SpeC in infected mice serum. Pooled serum samples from vaccinated and control cohorts collected at day 6 after SN1 infection were run on 4 to 12% SDS-PAGE gels. Following protein transfer from the gel, the membrane was probed with rabbit anti-SpeC IgG primary antibody, followed by detection with sheep anti-rabbit IgG-AP, and developed using SIGMAFAST BCIP/NBT substrate. The band at 26 kDa in the serum sample from PBS-treated (control) mice corresponds to rSpeC in the positive control sample. (C and D) Cytokine responses in the serum of HLA-B6 mice following skin infection. Cytokine responses in the serum of vaccinated and control HLA-B6 mice were measured at day 6 after infection with SN1. Concentration of IL-4 and IL-10 (C) and TNF and IFN- (D) in serum was measured using a CBA kit. One-way ANOVA with Tukey's post hoc method was used to calculate significance between various groups. ***P < 0.001. (E to G) Assessment of PBMC proliferation induced by serum from vaccinated/control-infected mice. PBMCs from three different individuals were stimulated with pre-optimized concentration of serum from J8-DT-vaccinated SN1-infected (V-infected sera) or nonvaccinated SN1-infected (NV-infected sera) mice. rSpeC was used as controls for stimulation. The specificity of response was assessed by addition of various amounts of rSpeC antisera. PBMCs in the presence of naïve sera were used as a control for specificity of neutralization. Proliferation was measured by [ 3 H]thymidine uptake after 72 hours. Data are mean ± SEM of three replicates in each experiment, with experiments repeated twice. Representative data from two individuals are shown. One-way ANOVA with Tukey's post hoc method was used to calculate significance. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant. and spleen (P < 0.01; Fig. 5C ) and we only observed clearance of SpeC in the blood in those mice that received rSpeC antiserum (either alone or in combination with J8 antiserum) (Fig. 5, D to G) . Concentrations of inflammatory cytokines (IFN-, TNF, and IL-2) in the serum from mice treated with either J8 antisera or rSpeC antisera were significantly reduced (P < 0.01) and were absent entirely from mice treated with both antisera (P < 0.001) (Fig. 5, H to J) . The reduced, but not absent, cytokine response in J8-DT antiseratreated mice (with no bacteria in their blood; Fig. 5C ) indicated that factors not directly related to J8 or the M protein were contributing to the cytokine response. Addition of rSpeC antisera completely eliminated this cytokine response (Fig. 5, H to J) . On the other hand, treatment with rSpeC antisera alone (with no effect on bacterial burden; Fig. 5C ) resulted in a reduced cytokine response, suggesting that another factor(s) apart from SpeC, present in the blood of infected mice, contributed to the cytokine response. It is possible that the chromosomally encoded SpeG or SmeZ or other factors present in SN1 may have contributed to this.
M protein from SN1 exerts a mitogenic effect and contributes to the pro-inflammatory response We investigated the mechanism by which J8 and SpeC antisera could resolve STSS-like pathology. We observed that the inflammatory and mitogenic effects of sterile-filtered serum from SN1-infected mice were partially blocked by either rSpeC or J8 antisera but were completely blocked by the combination of both antisera (Fig. 5K) , suggesting that SN1 sera contained only two mitogenic/inflammatory factors: SpeC and M protein. The data collectively suggested that J8-specific antibodies have a dual role in treating STSS in this model: They clear bacteria, thus indirectly reducing production of mitogenic/ inflammatory factors, but they also directly block the mitogenic/ inflammatory effect of the serum, presumably by neutralizing the M protein. This has a synergistic effect with the anti-rSpeC antibodies. To ask whether J8-specific antibodies might block the mitogenic effect of M proteins more generally, we tested whether they would block the activity of a recombinant emm1 M protein, (rM1). Figure 5L again shows that rSpeC has profound mitogenic activity but shows that rM1 also has significant activity and that the effect of both is synergistic. However, the mitogenic activity of rM1 is completely blocked by J8 antisera. Similarly, rSpeC antiserum completely blocks the mitogenic activity of rSpeC and a combination of J8 and SpeC antisera completely blocks the combined mitogenic activities of rM1 + rSpeC. The mitogenic effect of rM1 was paralleled in cytokine responses (IFN-, TNF, and IL-2), where addition of J8-DT antisera also ablated the activity (fig. S3 ). These data collectively show that anti-J8 antibodies can block the mitogenic activities of two distinct M proteins, M89 and M1. The data do not suggest that the J8 epitope itself has mitogenic activity but that antibodies to J8 can neutralize the M protein. Vaccination of HLA-B6 transgenic mice with J8-DT is not associated with any side effects, which would have been expected if J8 were mitogenic. Furthermore, others have shown that the mitogenic determinant on the M protein is located in the semiconserved B repeat region of the protein (12, 21) , whereas the J8 epitope is located in the C-terminal C-3 repeat region.
J8 immunotherapy would provide theoretical coverage for most ISD cases
Given the recent epidemic of ISD in Canada (4), we asked whether passive immunotherapy with J8 and SpeC antibodies could have theoretically provided treatment for the infections. We examined 77 S. pyogenes strains from 2017-2018 (11 different emm types) isolated from patients in Alberta who presented with ISD, of whom 8 had a diagnosis of STSS. We performed genomic analysis to determine the various J8 alleles present in that collection. Seventy-three isolates contained either J8 or J8.1 in their emm gene, and each of the 8 isolates taken from patients with STSS expressed either J8 or J8.1. This is in agreement with a previous observation in 2005 that, within a collection of 37 clinical isolates from India, all expressed either J8 or J8.1 (22) and with a study from Fiji in 2009 showing that 94% of 521 isolates expressed J8 or J8.1 (23) . We tested immunological cross-reactivity between these two sequences and observed complete cross-reactivity by enzyme-linked immunosorbent assay (ELISA) (fig. S4 ). More notably, we have shown that vaccination with J8 can protect against intraperitoneal and skin infections with organisms expressing eight distinct emm types and bearing either the J8 or J8.1 sequence (14-16). We have yet to find an organism against which J8 does not protect. Thus, to the best of our knowledge, and to the limit of the STSS model, J8 vaccination or J8-specific immunotherapy is likely to provide significant protection/treatment for the vast majority, if not all, cases of ISD and STSS.
We also determined the presence of the spec gene in the 77 ISD isolates. Twenty-four (31%) of the isolates had spec, with very high degree of conservation (nucleotide sequence identity, 99.5 to 100%). The data demonstrated a widespread distribution of the spec gene among a range of emm types (7 of 11 types harbored the spec gene), whereas distribution of the spea gene was found to be limited to emm1 (14% of total) (table S3). Four of the eight isolates from patients with STSS expressed spec, with none of these expressing spea.
DISCUSSION
The data presented here show that in an HLA-humanized mouse, it is possible to prevent STSS-like disease by vaccination with a highly conserved M protein peptide, J8, and to rapidly treat established disease by specific immunotherapy containing antibodies to J8 and another highly conserved antigen, SpeC. Antibodies to J8 have a dual effect: They not only eliminate the bacteria but also directly block the mitogenic effect of the M protein, while antibodies to SpeC block the activity of that protein. Together, the effect is synergistic and can completely resolve STSS-like disease.
The role of SAgs in superficial and invasive streptococcal infections has been well demonstrated (24, 25) . Among the bacteriophageencoded SAgs, SpeA and SpeC are believed to be responsible for most of the STSS cases. More recently, a critical role for SpeA in the establishment of nasopharyngeal infection has been described (26) , and the utility of SpeA toxoid antibodies in protection against nasopharyngeal infection was demonstrated (24) . The study provided evidence that humoral immunity to specific SAg can protect against streptococcal nasopharyngeal infection. The evidence that streptococcal SAgs have the potential to suppress antibody production via Fas-FasL-dependent apoptosis of B cells and the reduced antibody response to SAgs is associated with STSS (27) and recurrent tonsillitis (28) further highlight the critical role of SAg-specific antibodies in the prevention and/or treatment of SAg-mediated diseases.
Efforts to develop vaccines to prevent STSS are limited. One group has developed toxoids to SpeA and SpeC and shown that vaccination of rabbits induces antibodies that neutralize the toxin and protect rabbits from native toxin administered via a mini-osmotic pump. The rabbits were not exposed to a streptococcal infection (10, 29) . While this vaccine approach is promising, it suffers from the need to vaccinate with multiple toxoids to protect against only one aspect of streptococcal disease. Our data suggest that this approach would not reduce bacterial sepsis. HLA-transgenic mice have been used to show that certain HLA types are more prone to STSS (30) but not to model vaccine or immunotherapy development.
Fig. 5. Therapeutic potential of combination immunotherapy. (A) Timeline of infection and treatment protocol. (B)
Clinical scores for SN1-infected mice before and after antisera treatment. Four cohorts of HLA-B6 mice (n = 3 to 5 per group) were infected intraperitoneally (IP) with 10 6 S. pyogenes SN1. Eighteen hours after infection (0 hours), mice were scored for clinical symptoms and intravenously administered 200 l of either anti-J8-DT, anti-rSpeC, a combination of anti-J8-DT and anti-rSpeC, or PBS-treated (control) sera. All mice were again scored for clinical symptoms after treatment to assess disease severity. The scoring system included appearance, level of consciousness, activity, response to stimulus, eyes, respiration rate, and respiration quality. The mice were scored from 0 to 4. The clinical scores for all cohorts before (0 hours) and after (24 hours) antisera treatment are shown. At 24 hours after treatment (42 hours after infection), mice were culled. (C) Bacterial burden in SN1-infected mice before and after antisera treatment. Blood and spleen samples were harvested, processed, and plated for quantification of bacteria. The bacterial burdens in blood and spleen of mice are shown. Mann-Whitney U test was performed to compare each group with the PBS-treated (control) group. *P < 0.05; **P < 0.01; ***P < 0.001; and ns, P > 0.05. (D to G) Assessment of SpeC in serum samples from mice before and after treatments. To assess SpeC neutralization in vivo, sera samples from all cohorts were collected before (0 hours) and then at 24 hours after antisera administration. Pooled serum samples from treated and untreated cohorts were run on 4 to 12% SDS-PAGE gels. Following protein transfer from the gel, the membrane was probed with rabbit anti-SpeC IgG primary antibody, followed by detection with sheep anti-rabbit IgG-AP, and developed using SIGMAFAST BCIP/NBT substrate. The presence of SpeC in HLA-B6 mice treated with J8-DT antiserum (D), rSpeC antiserum (E), J8-DT + rSpeC antiserum (F), or control serum (G) sera before and after treatment is shown. "N" represents pooled serum from naive mice. (H to J) Cytokine profile in SN1-infected mice before and after treatment. Following treatment with various antisera, at 24 hours, mice were culled and cytokine responses in the pre-and post-treatment serum were measured using a CBA kit. Concentration of TNF (H), IFN- (I), and IL-2 (J) in serum is shown. Statistical analysis was carried out using one-way ANOVA with Tukey's post hoc method to calculate significance between various groups, with color of asterisk (*) denoting the groups being compared. *P < 0.05, **P < 0.01; ***P < 0.001; and ns, P > 0.05. (K and L) Splenocyte proliferation and inhibition in response to S. pyogenes antigens and various antisera. (K) Splenocytes from HLA-B6 mice (n = 3) were stimulated with 20 l of SN1-infected serum. Proliferation was measured in the presence or absence of J8-DT, rSpeC, J8-DT + rSpeC, or PBS-treated (control) sera by [ 3 H]thymidine uptake after 72 hours. Statistical analysis was performed using nonparametric, unpaired Mann-Whitney U test to compare the two groups. ns, P > 0.05; **P < 0.01; and ***P < 0.001. (L) Splenocytes from HLA-B6 mice were stimulated with pre-optimized concentration (5 g/ml) of rSpeC, rM1, or rSpeC + rM1. To assess inhibition by various sera, 20 l of J8-DT, rSpeC, or J8-DT + rSpeC antisera was added to each well. Nonimmune sera were used as control. Proliferation of splenocytes in the presence or absence of various antisera was assessed after 72 hours by [ We previously developed J8 as a candidate S. pyogenes vaccine [reviewed in (31) ]. J8 has a sequence that contains 12 amino acids of the C3 repeat of the M protein. It is highly conserved, with only a single major C-3 variant (J8.1) reported-both previously (22, 23) and in this study. Vaccination with J8 induces antibodies that opsonize S. pyogenes in vitro and protect mice from multiple strains that infect the peritoneum, skin, and upper respiratory mucosa, irrespective of whether the organism expresses J8 or J8.1 (14-16, 18) . Here, we show that J8 vaccination can also protect against emm89 (which contains J8.1) and can neutralize both M89 and M1 proteins. We also show that of the 77 recent ISD cases in Alberta, Canada, anti-J8 antibodies theoretically recognize at least 73. On the basis of these data, we believe that J8-specific antibodies will likely recognize most, if not all, M proteins and will prove highly effective in treatment.
Because J8 vaccination can prevent S. pyogenes infections, it was assumed that vaccine-mediated protection would extend to protection against STSS, although this had not been tested in HLA-humanized mice. However, it was not assumed that passive immunotherapy with anti-J8 antibodies would resolve established disease, even if there was some reduction in bacterial burden because SAgs are believed to play the central role in the disease and there was no suggestion that antibodies to J8 would affect the levels of serum SAgs. We were surprised that J8 antiserum (with or without rSpeC antiserum) could quickly eliminate virtually the entire bacterial burden in the blood and spleen as well as resolve the clinical scores. While the clinical signs that we observe in mice (32) differ from the clinical signs that define STSS in humans, there is no doubt that infection can make HLA-humanized mice ill with high clinical scores. Furthermore, the chemical pathology is very similar between mice and humans, viz., the presence of SpeC in the blood as well as high levels of inflammatory cytokines. It is reasonable to assume that antibodies to J8 might also "indirectly block" the chemical and cytokine imbalance in patients with STSS and contribute to an enhanced clinical outcome. Our data also emphasize the important role for SpeC in the pathogenesis of STSS, particularly because anti-rSpeC antibodies can also rapidly resolve clinical signs and correct the chemical profile, although they do not clear the infection.
Our data show that the effects of the M protein and SpeC are cooperative, and we argue, based on the model in HLA-humanized mice, that the pathogenesis of STSS requires both immune stimulants and, conversely, that blocking either will block disease; however, optimal immunotherapy will require antibodies to both the M protein and SpeC. J8 is an obvious choice for antibody therapy to block the M protein because of its very high degree of immunological conservation between different M proteins. However, a major issue, not resolved by this study, is whether other M proteins also demonstrate mitogenic activity that contributes to STSS pathology. Our study shows that M89 has this activity and that rM1 has a similar mitogenic effect, as has been reported previously (33) . Tomai et al. (34) have also shown that an extract of M5 has mitogenic properties. It has been suggested that the partially conserved B repeat region of the M protein is the source of its mitogenic activity (12) , and hence, it is likely that many M proteins will have mitogenic activity. If other M proteins do contribute to the pathogenesis of STSS in humans, then a combination of antibodies to J8 and SpeC should provide optimal immunotherapy for STSS caused by spec + organisms. SpeC and SpeA are the SAgs most commonly associated with STSS, with very few case descriptions of the other SAgs playing a role (35) . spea has been mostly associated with emm1 strains [(36) and this study]. We have not studied the pathogenesis of STSS following infection with S. pyogenes containing spea; however, we would suggest that in cases where SpeA or other SAgs have contributed to pathology, a combination of antibodies to the SAg and J8 would be highly effective. Nevertheless, we would also argue that J8-specific antibodies alone would exert a potent beneficial effect. In support of the need for J8-specific antibodies, others have shown that the disruption of the spea gene does not prevent sepsis in an HLA-transgenic model (37) . Other bacterial factors including SLO, peptidoglycan, and lipoteichoic acid have been shown to promote inflammation. Our data do not deny that they may play an auxiliary role in pathogenesis, but we note that these molecules are found on all streptococcal isolates (including SN1) and alone do not cause disease.
Intravenous immunoglobulin (IVIG) (pooled from multiple donors) in conjunction with antibiotics has been shown to reduce the case fatality rate of STSS (38) . Its mechanism of action is unknown; however, it is thought that anti-streptococcal antibodies in IVIG are responsible for its effect. The levels of type-specific M protein antibodies in IVIG will be variable and dependent on recent previous exposure of the donors to various strains. The use of IVIG treatment in experimental STSS, although providing therapeutic activity when used at the time of infection, did not confer additional therapeutic benefit when used in conjunction with antibiotic therapy in a delayed treatment setting (39) . Together, the high costs of IVIG, batch-to-batch variation (40) , and difficulties in supply underscore the need for alternative defined adjunctive therapies, in particular the use of monoclonal antibodies against the M protein and the SAgs. The work presented here provides proof of concept for this approach in STSS.
In conclusion, we show that J8 vaccination or a combination immunotherapy results in dual toxin neutralization as well as clearance of S. pyogenes from the blood, which is associated with a rapid improvement in the clinical and pathological features of STSS-like disease in HLA-humanized mice. Clearance of S. pyogenes will reduce the need for continuous antitoxin treatment. We demonstrate that S. pyogenes SAgs are not the sole determinant of the pathophysiology of STSS-like disease and that the M protein plays a critical role. We show that SpeC and the M protein work synergistically and contribute to the clinical disease. In vivo attack on the M protein by J8 antisera removes the organism from the circulation and also blocks the mitogenic activity of its M protein (at least for M89 and M1) and likely prevents its interaction with fibrinogen and subsequent recognition via 2 integrins on neutrophils (41) . As an end result, there is greatly diminished production of inflammatory cytokines and no activation and release of mediators of vascular leakage, which are a key occurrence in STSS. While the combination of J8 and SpeC antibodies holds great promise for the treatment of STSS caused by spec-bearing organisms, the data show that J8 antibodies alone are likely to have a significant beneficial effect in STSS caused by organisms that contain spec or any other SAgs.
MATERIALS AND METHODS
Ethics statement
All animal procedures were conducted according to the Guide for the Care and Use of Laboratory Animals (National Health and Medical Research Council, Australia). Procedures using BALB/c, C57/BL6, and HLA-B6 mice were approved by the Griffith University Animal Ethics Committee. PBMCs were obtained from healthy volunteers, and the study was performed in accordance with an approved Human Research Ethics Committee protocol.
Mice
The mice BALB/c and C57/BL6 (B6) were sourced from Animal Resource Centre, Western Australia, Perth. HLA-expressing humanized mice (HLA-DR3-DQ2) have been previously described (42) . These mice were bred in the animal facility at Griffith University, Gold Coast, and were routinely genotyped for the appropriate transgene(s).
Bacteria
A total of four S. pyogenes isolates (SN1 to SN4) were recovered from patients during an STSS outbreak in one hospital in Brisbane, Australia. The isolation site for these isolates and the clinical description of patients are summarized in table S1. The molecular typing of S. pyogenes was performed by emm typing as reported elsewhere (43) . For in vivo studies, SN1 and a SAg-negative group C streptococcal (GCS) isolate, NS33, were grown in Todd Hewitt Broth (THB) supplemented with 1% (w/v) neopeptone.
SAg gene profiling
Genes for SAgs including spea, spec, speg, speh, spei, spej, spek, spel, spez, and ssa were detected by polymerase chain reaction with primers as shown in table S2. Amplification for all genes was performed with an initial 5-min denaturation step at 95°C followed by 30 cycles of denaturation at 95°C for 30 s, 30 s of annealing at the appropriate temperature for each gene, as specified in table S2, followed by extension at 72°C for 30 s, with a final extension step of 72°C for 7 min.
Whole-genome sequencing of Alberta isolates Alberta S. pyogenes isolates were sequenced on an Illumina MiSeq using a V3 600-cycle kit after library preparation with Nextera XT. Genomes were assembled with SPAdes 3.12.1 (PMID: 22506599) using Shovill 1.0.1 as a wrapper (github.com/tseemann/shovill), annotated with Prokka (PMID: 24642063) filtering any contigs that had a depth less than 3 or was <500 base pairs in length. Protein BLAST (PMID: 9254694) was used to look for alignments within the assembled S. pyogenes genomes and the J8 or SpyCEP epitopes, excluding any amino acid alignments that were shorter than the epitope length.
Peptides and proteins
The J8, J14, and J14.1 peptides were synthesized and conjugated to DT as described (16) . rSpeC was purchased from Toxin Technology (USA) and has been previously described (44) . To produce the rM1 protein, the gene encoding M1 protein (amino acids 13 to 455) was cloned into pGEX-2T (GE Healthcare Life Sciences), incorporating a C-terminal 6× His-tag as previously described (45) .
Vaccination and generation of immune sera
For protection studies, mice were immunized subcutaneously on days 0, 21, and 28 with 30 g of J8-DT/alum. The same protocol was used to generate immune serum where, following three immunizations, mice were bled periodically via submandibular veins to collect immune serum. To generate rSpeC-specific antibodies, mice were immunized with 10 g of rSpeC formulated in alum and serum was collected after three immunizations. At defined time points, during and after immunizations, serum samples were collected, and antigen-specific immunoglobulin G (IgG) titers were determined by ELISA as described elsewhere.
Murine infection models
The superficial skin infection model has previously been described (15) . Briefly, mice were infected with a preoptimized dose of SN1 or NS33. Mice were sacrificed at the noted time points, and the skin biopsy sample, spleen, and blood were collected. Tissues were homogenized, serially diluted, and plated on blood agar plate for enumeration of bacteria. Blood samples were also used for detection of toxin using Western blots assays. To model acute onset of STSS, the HLA-B6 and B6 mice were also challenged intraperitoneally as previously described (14) . Briefly, mice were administered S. pyogenes (at varying doses) intraperitoneally in a 400-l volume. To assess bacterial burden, mice were culled at defined time points; spleen and blood samples were harvested, serially diluted, and plated. For immunotherapy experiments following skin infection, mice were intraperitoneally administered 200 l of designated antisera. For immunotherapy following intraperitoneal infection, mice intravenously received 200 l of various antisera.
Clinical scoring
Following superficial skin or intraperitoneal infection and/or serum treatment, mice were monitored closely for the development of STSS-related pathology. Clinical scoring was performed blindly as per the scoring system defined by Shrum et al. (32) . The scoring system included a number of variables to assess disease severity including appearance, level of consciousness, activity, response to stimulus, eyes, respiration rate, and respiration quality. The mice were scored from 0 to 4, where 0 represented the baseline and 4 was the highest score for each category.
Ex vivo experiments
For splenocyte activation experiments, cells were harvested from BALB/c, B6, or HLA-B6 mouse spleens, treated with ammonium chloridepotassium (ACK) lysis buffer (15 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA), and suspended (2 × 10 5 cells per well) in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), 0.1 mM minimal essential medium, nonessential amino acids, 2 nM l-glutamine, 1 nM sodium pyruvate, penicillin (100 U ml −1 ), streptomycin (100 g ml −1 ) (all from Gibco Life Technologies), and 50 M -mercaptoethanol (Sigma). Optimized amounts of SAgcontaining serum or recombinant proteins were added to wells, and 72 hours after stimulation, culture supernatants were collected for assessment of ex vivo cytokine production. Cytokines were measured using a T H 1/T H 2/T H 17 cytometric bead array (CBA) kit (BD Biosciences) according to the manufacturer's instructions. Samples were analyzed using a CyAn ADP flow cytometer, and data analysis was performed using BD FCAP array software. Proliferation was measured by the addition of [ 3 H]thymidine (1 Ci per well) after 72 hours. After 18 hours, cells were harvested onto glass fiber mats (PerkinElmer, Australia) using a FilterMate cell harvester and thymidine incorporation was assessed using a -scintillation microplate counter (PerkinElmer). To assess the SAg blocking effect of antibodies/antisera, the SAg-containing serum and test antiserum were premixed before addition to the wells.
PBMC stimulation assays
PBMCs were thawed and washed three times in complete medium [RPMI 1640 containing 10% heat-inactivated human serum, 2 nM l-glutamine, penicillin (100 U ml −1 ), and streptomycin (100 g ml −1 )], resuspended in complete medium, and counted using trypan blue (Sigma). For T cell proliferation assay, 2 × 10 5 cells in 100 l were added per well. Subsequently, 100 l of antigen or antigen + antisera (at a pre-optimized concentration) was added as a stimulant. As controls, wells with 1% phytohemagglutinin (Gibco) or media alone were used. PBMCs were cultured for 72 hours, following which proliferation was measured as described above. Following 72 hours of culture, supernatants were collected for measurement of cytokine responses using a T H 1/T H 2/T H 17 CBA kit for humans (BD Biosciences).
SDS-polyacrylamide gel electrophoresis and Western blots
Standards, controls, and test samples including serum samples collected from SN1-infected and control mice were run in duplicate on precast 4 to 12% gradient bis-tris SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Invitrogen) under reducing conditions at a constant current of 200 V per gel for approximately 25 min using a bolt electrophoresis mini cell apparatus (Invitrogen). One gel was stained with Coomassie brilliant blue (Coomassie Brilliant Blue R-250, Bio-Rad), and the other was transferred to nitrocellulose membrane (Novex) at 10-V constant for 60 min. After transfer, the membrane was blocked with blocking buffer (5% skim milk in PBS) for 60 min, followed by incubation for 1 hour at room temperature with specific monoclonal antibodies (anti-rabbit SpeC IgG, Toxin Technology). After excessive washing in PBS with 0.5% Tween 20, the membrane was incubated with sheep anti-rabbit IgG alkaline phosphatase antibody (Sigma-Aldrich) for 1 hour at room temperature. Following further washes, the blots were developed using SIGMAFAST BCIP/ NBT (5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazolium) (Sigma-Aldrich) according to the manufacturer's instructions. The reaction was stopped when additional bands cease to develop.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/5/9/eaax3013/DC1 Fig. S1 . SAg profile of streptococcal isolates. Fig. S2 . Cytokine response of PBMCs following stimulation with vaccinated and control sera. Fig. S3 . Cytokine profile in HLA-B6 mice after stimulation with rM1. Fig. S4 . Immunological cross-reactivity between J14 and J14.1. Table S1 . Clinical isolates and medical history of patients. Table S2 . Primers used for SAg gene profiling. Table S3 . Distribution of spec and spea genes in ISD isolates from Canada. Reference (46) 
